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 This paper proposes a fuzzy logic-based battery energy management system 
in hybrid renewable system. The novel topology consists of solar and wind 
energy system-based input sources and a battery bank to store the energy 
when in excess. The PV-Wind source is equipped with unidirectional boost 
converter whereas, the battery storage system is connected to the system with 
a bi-directional DC/DC converter. The main novelty of this research is  
the fuzzy logic-based battery management system which charges and 
discharges into the DC bus system based on the supply-load demand.  
The fuzzy logic controller (FLC) based maximum power point tracking 
(MPPT) is used in the PV and wind energy conversion system (WECS) to 
track the maximum available power for the different irradiance and wind 
velocity respectively. The obtained results are compared to conventional 
P&O MPPT control algorithm to find the effectiveness of the system. A 500 
W PV system and a 500 W Permanent magnet synchronous generator 
(PMSG) based WECS is implemented for its simplicity and high efficiency. 
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Rapid increase in population and urbanisation resulted in increase in demand of energy all over  
the world. At present the major source of energy is dominated by fossil fuel [1, 2]. The constant depletion of 
fossil fuel and its negative impact on the environment tends to opt for an alternative source of power 
generation. Renewable energy generation is gaining lot of attention in order to overcome the drawbacks of 
fossil fuel. Renewable energy sources include solar, wind, tidal, wave, and biomass. Since solar and wind are 
widely available in abundant, they are used for power generation [3, 4]. The reliability of solar and wind 
energy is highly depending upon the climatic changes and unpredictable nature [5-7]. Thus, it causes serious 
concern of grid integration. To overcome the issue, need of hybridization of renewable sources and energy 
storage is viable option to extract quality power from renewable based generation [8, 9].  
The hybrid renewable energy-based generation compasses of variable renewable energy and storage 
elements combination based on the availability and need [10,11]. The hybrid energy system can be of 
standalone or grid connected system. The standalone system is generally termed as the miro-grid which 
meets the demand of local loads which is equipped with the power electronics interface to ensure proper load 
sharing [12-14]. Standalone system requires a high rating and sufficient energy storage device to cope with 
the variable power generated by the renewable sources. The grid connected system of the hybrid renewable 
system is the extension of the micro-grid. The ratings of the energy storage device can be minimised since 
the grid provide a sufficient backup to low power generation. Since, the renewable based generation is highly 
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non-linear in nature; the grid compatibility is the major concern. The regulation such as voltage, frequency 
and harmonics must strictly adhere to the policy to ensure better utilisation of source and protect the loads 
connected to the system. Thus, an efficient control strategy is required to integrate the renewable sources to 
the grid.  
In this paper, a hybrid PV-Wind based renewable energy is considered as the source. The output of 
the PV array and wind system is connected to the boost converter in order to maximise the voltage to match 
the DC-bus parameter. The hybrid system is connected to the common DC-bus system which also consists of 
the battery storage system connected through bi-directional DC-DC converter to provide both charging and 
discharging operation. The common dc bus system is utilised in this manuscript in order to integrate the PV 
and wind source along with energy storage system. The boost converter of the system is controlled using 
the maximum power point tracking methodology. The main objective of the paper is to supply 
un-interruptible power to the load despite of the variable power generation. Ensure the proper charging of 
the battery during excess power generation and to discharge during low power production. The constant DC 
link voltage for the dc bus system is also an important parameter of the proposed topology. The basic 
topology considered for this research is shown in Figure 1. 
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Figure 1. Basic Topology of the Proposed System 
 
 
2. MODELLING OF HYBRID SYSTEM 
2.1.   Fuzzy based MPPT for PV system 
Fuzzy logic control is better than the conventional control algorithms particularly for complex 
processes that could not be analyzed using conventional quantitative techniques. It is non-linear as well as 
adaptive and it is a real alternative for a range of control applications. There are four chief essentials in  
the structure of FLC armed as fuzzifier, Rule base, Inference engine and defuzzifier [15-17]. The functioning 
of fuzzy controller’s structure can be effortlessly understood from the figured is played in Figure 2. 
 Fuzzification: In this procedure, the crisp set used as input data is transformed into a fuzzy set by means 
of fuzzifier using linguistic variables, fuzzy linguistic terms as well as membership functions. 
The furthermost imperative thing concerning fuzzy logic is that an arithmetical value doesn’t have to be 
fuzzified using only one membership function. The Membership functions differ as Triangular, Gaussian, 
Trapezoidal, and Generalized Bell in addition to Sigmoid. 
 Rule Base: The initiative of rule base is to govern the output variable.  The rule is simple IF-THEN rule 
with an exact condition and conclusion, characterized by the matrix table. Error and alteration in error are 
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the two variables occupied along the axes, and the conclusions are within the table. The output of 
membership function in the rule base is well-defined as least and extreme operator. The fuzzy rule base is 
typically influenced by the change in input. 
 Defuzzification: The control of non-fuzzy value can be obtained by the defuzzification from the fuzzy set 
output of the fuzzy controller. The output of the fuzzy controller is duty cycle, which is used to control  
the boost converter operation. Benefits of Fuzzy Controller are Low-cost executions founded on cheap 
sensors, low-resolution analog-to-digital converter. At the point of MPPT, error signal E should be zero to 
maintain the maximum power point. For the fine tuning, the variation in error signal is defined ∆E which 
is the second signal to the fuzzy agent. Error signal E and change in error signal ∆E can be defined as in 





        (1) 
 






Figure 2. Fuzzy Logic control circuit for Boost Converter 
 
 
The fuzzy agent can control the duty cycle of the DC- DC converter in order to get the maximum 
power point tracking and the DC- DC converter boosts up the voltage level depending upon duty-cycle. 
As shown in Table 1, the input and output variables are expressed in seven linguistic labels such as negative 
large (NL), positive large (PL), negative medium (NM), positive medium (PM), zero (Z), negative small 
(NL) and positive small (PL). If the E is NL and ∆Eis NL, the duty cycle is PL, such that the duty cycle is 
largely increased and the similar manner for all the membership functions. The fuzzy rule base is shown in 
Table 1 and the membership functions of the FLC are shown in Figures 3-5 respectively. 
 
 
Table 1. Fuzzy rules for PV system 
E
∆E⁄  NL NM NS Z PS PM PL 
NL PL PL PL PL NM Z PL 
NM PL PL PM PL PS Z Z 
NS PL PM PS PS PS Z Z 
Z PL PM PS Z NS NM NL 
PS Z Z NM NS NS NM NL 
PM Z Z NS NM NL NL NL 
PL Z Z NM NL NL NL NL 
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Figure 5. Output membership function (Duty Cycle) of FLC 
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2.2.  Fuzzy logic based MPPT for WECS 
Fuzzy Logic Controller (FLC) has an advantage of fast convergence, imprecise input and handling 
non linearity. FLC generally consist of three stages Fuzzification, Rule base lookup table and Defuzzification 
as shown in Figure 6. The rules are designed on the basis of previous knowledge of the system. An FLC is  
the artificial decision-making controller that operates in closed loop. The inputs for fuzzy controllers are error 
signal and change in error signal. Once the signals are calculated and linguistic variables are obtained,  
the output of FLC is the duty cycle for buck converter is which is generated using the rules. FLC is termed to 
be the most efficient MPPT controller when compared with the PI and P&O controller [18-20].  
The efficiency of FLC is purely depending upon the previous knowledge of the system and right error 
computation and framing of rule-based table. Table 2, represents the set of rules used for modelling FLC. 
Where, E represents the error signal and CE represents the Change in error. The rules are framed in five level 





Figure 6. Basic structure of FLC 
 
 
Inference mechanism is basically defined by membership functions of FLC which determines  
the relevance of rules from Table 2. Figures 7-9 represents the input and output membership function of FLC 
controller. Methods for implication and aggregation are defined as Minimum (min) and Maximum (max) 
respectively. The Defuzzification method uses centroid for processing. FLC tracks the sudden change in wind 
speed more swiftly and precisely. The maximum power point is traced by the controller from the inference 
system which is mapped by the human knowledge earlier in form of rules. The controller tracks the change in 
output voltage, current and generates an error signal which is given as an input for fuzzificationprocess, here 
the input data is converted into a suitable fuzzy linguistic set using Mamdani method. Then the fuzzy set is 
processed in inference system where an appropriate fuzzy output is obtained using fuzzy rules. 
Then the fuzzy output is converted in to the systematic crisp value as a form of duty cycle in defuzzification. 
Thus, the duty cycle is used to control the switching pattern of the converter switch. 
 
 
Table 2. FLC set of rules 
E/CE NB NS ZE PS PB 
NB ZE PB ZE NB NS 
NS PS ZE ZE NB NS 
ZE ZE ZE ZE ZE ZE 
PS PS PB ZE ZE NS 
PB PS PB ZE NB ZE 
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Figure 9. Output membership function of duty cycle 
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3. FUZZY LOGIC BASED BATTERY MANAGEMENT SYSTEM 
The battery management system (BMS) is proposed in order to maintain the DC bus voltage 
constant. The BMS strategy is utilised to fulfil the load demand irrespective of the changes in input source 
[21]. The battery is connected to the DC bus using bi-directional DC/DC converter. The fuzzy logic-based 
power flow control strategy is designed for proposed standalone system. The FLC based BMS system is 
designed using the pre knowledge of the source, availability of power and load demand. The FLC based 
BMS system robust in nature and highly reliable. As stated earlier the fuzzy logic controller consists of three 
processes, fuzzification, rule-based design and defuzzification. The fuzzification process consists of input of 
error of Power and change in power. The rule of the system is designed as follows: 
 The power of PV and Wind energy is calculated and allowed to generate as much power as possible.  
 When there is excess power generated from the renewable energy sources, the battery is end to charge 
until the maximum threshold voltage so as to maintain the battery for longer span. 
 When there is low power generate from the source, the battery acts an external source to meet the load 
demand.  
The rule system produces an optimum duty cycle in order to keep the dc nus voltage constant 
always and also to meet the load requirement in all weather condition. The duty ratio of the bi-directional 
DC/DC converter is generated based on the rules and the input parameters. The defuzzification is process to 
change the fuzzy sets to the duty cycle.  The control block diagram of FLC is shown in Figure 10.  
In proposed controller, the error of generator power ∆P and change in power error δ (∆P) are the 
input variable. The output of the FLC based controller is duty cycle [22]. The ∆P and δ(∆P) are defined  
as in (3) and (4): 
 
)k(PP)k(P refg           (3) 
 
  )k(P)k(PP 1        (4) 
 
the membership functions of the fuzzy sets for the proposed system are represented by the linguistic 
variables. The variables are represented by Negative Big (NB), Negative Small (NS), Zero (ZE), Positive 
Small (PS), and Positive Big (PB). 
The control rules are derived from the experience and knowledge on the control system and the rules 
for mapping of input and out variables of FLC. In this paper, fuzzy uses Mamdani type inference system.  
The input and output variable are generated using triangular membership function as shown in Figure 11. 
Figure 11 (a) and (b) and Figure 12 represent the input and output membership function of FLC controller 
respectively. Methods for implication and aggregation are defined as Minimum (min) and Maximum (max) 





Figure 10. FLC based battery management system 
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Figure 12. Output membership function of duty cycle 
 
 
4. MODELING OF DC/DC CONVERTER 
The converter is employed in WECS in order to enhance the generated voltage to the desired high 
voltage as per the load requirement. The DC/DC converter implemented in this paper is boost converter 
which is used to boost generator voltages to 380 V which is the standard bus voltage for DC microgrid.  
In this paper, a bi-directional DC-DC converter is utilised to raise the terminal voltage to achieve the flexible 
control of the battery energy storage system (BESS). To overcome the drawback of low voltage of battery 
system, a phase shifted full bridge DC-DC converter is used to connect the battery source to AC grid.  
The bidirectional converter consists of high frequency transformer which is required to match the AC grid 
and battery voltage level. The bidirectional converter consists of leakage inductance and output filter 
inductance. When BESS is charging state, bidirectional converter acts as the buck converter by controlling 
the switches I1–I4. When the BESS is in discharging state, the bidirectional converter acts as a boost 
converter by controlling the switches C1–C4. 
The converter topology chosen for the proposed work is depicted in Figure 13. During 
the standalone operation of renewable energy source like PV, smooth and continuous power flow is affected 
by its intermittent nature. The possible solution was to permit energy exchange between the converter to 
the storage system and the converter to the load. The evolution of bidirectional DC-DC converters could find 
its way classified in the literature as isolated and non-isolated. The isolated bidirectional DC-DC converters 
gained prominence due to its voltage matching and galvanic isolation provided by means of a transformer. 
The bidirectional converter proposed in the research work [23] features series resonance and boost capability 
with simple PWM. The isolated bidirectional converter proves to be much better when assessed based on 
attributes like high efficiency, high gain, and the number of switches [24]. The PV integration improves 
the utilization of the converter through its voltage boosting capability, which is enhanced further by 
the transformer [25]. 
The hybrid converter resembles an isolated resonant converter, except for the active bidirectional 
switch (S5) at the secondary side of the galvanic isolation transformer. The design of transformer, resonant 
inductor Lr, resonant capacitors  Cr1, Cr2, and the gating scheme is adapted from the literature. The design 
procedure involves selection of transformer turns ratio and the design of the resonant tank. Turns ratio of 
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Figure 13. Isolated Bidirectional DC-DC Converter 
 
 
In the resonant tank design, the resonant inductor Lr is independent of the conversion ratio since it 
acts as boost inductor. A large enough inductor was chosen based on the longer switching state of PWM 
boost mode and the resonant mode. The length of switching time is less than switching periods Ts of all 
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5. RESULTS AND DISCUSSION 
The performance of the proposed FLC based battery management system is validated in  
the MATLAB/Simulink software. From the literature, the availability of both solar and wind energy sources 
is alternative to each other and to check the feasibility of the developed converter operation in both individual 
and simultaneous modes, the availability of the renewable energy sources are considered as follows. 
For the period 0 to 0.75 sec, the availability of wind source is 8 m/s and the PV irradiation is 600 W/m2. 
Similarly, for period of 0.75 to 1.5 sec and 1.5 to 2.25 sec are wind velocity 10m/s with PV irradiation of 800 
W/m2 and wind velocity 12 m/s with 1000 W/m2 respectively as shown in Figure 14 and Figure 15. 
The proposed hybrid system considered for this analysis is 500 W PV and 500 W wind systems for 
1kW hybrid system and parameter specifications are listed in Table 3. The battery parameter used in this is 
study is also shown in Table 3. The proposed topology consists of FLC based MPPT control strategy for PV 
application. The DC voltage, current and power obtained using FLC based MPPT strategy employed for PV 
system is shown in Figure 16. The FLC control strategy has a good dynamic response to the non-linear 
system. The performance of the FLC based MPPT technique for WECS is shown in Figure 17. The wind 
velocity is highly nonlinear in nature thus an efficient control strategy is required to obtain the maximum 
available power from the wind velocity.  
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Figure 14. PV irradiance (W/m2) 
 
Figure 15. Wind speed (m/s) 
 
 
Table 3. Hybrid system parameters 
Solar system Wind System Battery 
Parameters Values Parameters Values Parameters Values 
VMP 48 V Wind speed Nominal 12 m/s Type Lithium Ion 
IMP 10.4 A PMSG Motor 500 W Nominal voltage 48 V 
Solar irradiance 1000 W/m2 Stator phase resistance 0.425 Ohms Rated capacity 6.5 AH 
Temperature 250𝑐 D axis inductance 0.0082 H Soc at charging 30% 
Cells in module 60 Q axis inductance 0.0082 H Soc at discharging 80% 
s 8 Number of poles 5   
Np 5 Motor inertia 0.01197 kg.m2   
Rs 0.18 Ohms     
Rp 360 Ohms     










Figure 17. Wind system output voltage and power 
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The overall DC link Power of the hybrid system is shown in Figure 18. The DC link voltage of  
380 V is constant for the variable irradiance and wind velocity. The rated power of 1 kW is achieved by 
combining the both sources. The Figure 19 shows the DC link power of hybrid system under different solar 
irradiation and wind speed data, the FLC based MPPT algorithm gives the at most efficiency of hybrid 










Figure 19. DC link power 
 
 
The battery source is connected to the DC bus using bi-directional DC/DC converter. The battery is 
charged when the load demand is low and there is excess power whereas, the battery supports the DC bus 
system when the load demand is high. The load demand of 700W is considered for this study. The Figure 20 
shows the power sharing between the renewable energy sources and battery energy system to meet the load 
demand of 700 W throughout the time period from 0 to 2.25 sec as per the consideration o0f renewable 
energy sources input. Figure 21 and 22 shows the SOC of lithium ion battery and battery voltage 
respectively. 
Table 4 gives the comparatively analysis of hybrid system with different MPPT control algorithm to 
track the maximum power from the hybrid renewable PV and wind system. Among P&O and FLC MPPT 
technique, FLC technique gives the higher efficiency of 85.6 % compared to the P&O MPPT controller 
which is 82.4 %. The power sharing between the renewable energy sources and battery to meet the load 
power demand is managed by using FLC controller. The effective load sharing is presented in the Table 4 
under different time durations with the considered renewable energy source input. 
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Figure 22. Battery voltage 
 
 
Table 4. Comparative table of hybrid system with different MPPT control algorithms 
Hybrid PV and wind 1 kW system 
Time (Sec) 0 to 0.75 0.75 to 1.5 1.5 to 2.25 
Solar irradiations 600 W/m2 800 W/m2 1000 W/m2 
Wind velocity 8 m/s 10 m/s 12 m/s 
Voltage (V) 380 380 380 
Power (W) 
P&O MPPT 528.3 674 824 
Fuzzy MPPT 552 708 856 
Load Demand (W) 700 700 700 
Battery Power (W) 148 -8 -156 
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The developed 1 kW hybrid System with battery storage unit is designed in MATLAB/Simulink 
environment. The performance of the proposed system is validated by considering the different solar and 
wind input under different time durations with the constant 700 W load power demand. To meet this load, 
demand an effective FLC is implemented to operation of bidirectional converter in charging and discharging 
mode to share the power between the renewable energy sources and battery while meeting the load power 
demand. A comparative study has been done in maximum power extraction from renewable energy sources 
with P&O and FLC MPPT controllers. The FLC controller gives the much higher efficiency of 85.6% 
compare to the conventional P&O MPPT controller which is 82.4 %. The same FLC control strategy is to be 
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